The ontogenic switch from fetal to 
Introduction
The switch from fetal to adult hemoglobin that occcurs during ontogeny is regulated such that a progressive accumulation of erythrocytes with increasing content of adult hemoglobin replaces fetal cells that contain >90% fetal hemoglobin. Whether the switch is characterized by a series of intermittent steps or functions is currently unknown (1) .
In recent years it has been possible to examine the fetal switch at the level oferythroid precursors and even progenitors by measurement of hemoglobin synthesis in freshly obtained erythroblasts, erythroblasts derived from human fetal or newborn blood, or simian marrow erythroid progenitors driven to differentiate in vitro (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . These studies have demonstrated that the forward switch is in fact programmed at the progenitor level. Before the onset of the switch, erythroid progenitors produce erythroblasts that synthesize fetal hemoglobin almost exclusively. Just at the onset ofthe switch, when marrow erythroblasts still exhibit very little adult hemoglobin synthesis, progenitor-derived erythroblasts have clearly begun to switch to the adult phenotype. Thus, the change in the phenotype of the progenitor-derived erythroblast is the harbinger of an event that directs the future phenotype of recognizable marrow precursor cells. After this early point in the switch the phenotype of progenitor-derived (particularly erythroid burst forming unit) erythroblasts becomes unexpectedly weighted toward hemoglobin F (Hb F)' production. At midswitch, erythroblasts derived from progenitors in vitro synthesize much more Hb F than erythroblasts that populate the same marrow in vivo. This peculiar hemoglobin phenotype of progenitor-derived erythroblasts persists through adult simian life. The same phenomenon is observed in humans as well, but at a much lower level of Hb F production (17).
We and others have previously demonstrated that all early erythroid progenitors in adult humans or simians produce colonies oferythroblasts that contain some Hb F (7, 8, 10 , 1 1). The fractional synthesis of Hb F per colony exhibits a normally distributed (Gaussian) pattern (7, 1 1) . Published data regarding the human ontogenic switch have suggested that the fractional synthesis of Hb F is distributed similarly to that of the adult, but this conclusion was in fact derived from analysis of small numbers of colonies, insufficient to fully discriminte between discrete vs. continuous models for the switch (1, (6) (7) (8) (9) .
The purpose of the studies described in this report was to examine the characteristics of the fetal-to-adult hemoglobin switch to determine whether the phenotype of erythroid progenitors shifts toward adult hemoglobin synthesis so gradually that the fraction of Hb F production in individual colonies exhibits Gaussian characteristics, or whether a residual population of progenitors programmed for high Hb F synthesis coexists with adult programmed cells, particularly at midswitch when the two discrete populations might be expected to be detectable. A gradual or continuous evolution of the Hb F program within a single clone would retain the Gaussian distribution pattern. In contrast, a discrete, discontinuous ontogenic switch, due to clonal replacement or the intermittent effect of environmental factors, would lead to a skewed and possibly bimodal distribution.
Previous studies of switching at the progenitor level were carried out with human cord blood (6-1 1). the iliac crests ofthe anesthetized mothers at the time ofcesarean section. These procedures have been described previously (12) . Cell culture. Bone marrow mononuclear cells were isolated by centrifugation on Ficoll-Hypaque and either used directly or slowly cryopreserved and later thawed (18) . Mononuclear cells from either source were washed and suspended in a-medium, and then plated in methyl cellulose at 100,000 cells/ml (final concentration) using methods similar to those described for human cultures (10) . Human urinary erythropoietin, kindly provided by the Division of Blood Diseases and Resources of the National Heart, Lung, and Blood Institute, was used at 1-2 U/ ml. Each culture was in a final volume of 0.3 ml, and colony counts were determined from three culture plates. The peak growth ofcolonies was between days 8 and 10. Each study ofindividual colonies represents all of the recognizable erythroid colonies in one or more culture plates.
Globin synthesis. Individual colonies were incubated for 16-24 h with [3H]leucine and harvested in the presence of nonradioactive carrier fetal and adult erythrocytes that had been previously cryopreserved in glycerol. Globin chains were separated by electrophoresis on Triton acid urea polyacrylamide gels, and relative radioactivity determined by fluorography, followed by planimetry of x-rays scanned in a densitometer (Gilford Instrument Laboratories, Inc., Oberlin, OH). Details of all of these methods are provided elsewhere (10, 12 (19) . Cumulative relative frequency plots were also examined (20) . The level of significance for all statistical tests was 0.05.
Results
Fetal bone marrow erythroid colony growth, derived from BFU-E, was maximal on days 8-10 and required <1 U/ml of erythropoietin. The number of colonies was usually between 50 and 300 per 100,000 plated cells. The appearance of the rhesus colonies resembled those seen in human cultures, although they were somewhat smaller than human colonies, in part due to the smaller size of rhesus cells. Adult rhesus colonies also achieved maximal growth on days 8-10, although they were usually smaller and not as red as the fetal colonies.
Globin synthesis in two representative fetal colonies is shown in Fig. 1 . The colonies shown are from a single culture plate and indicate the extremes of the range of globin synthetic patterns. The proportion of non-a-synthesis that was (3 was 1% and 30% in these two colonies, and the differences in the level of radioactivity in the (3-bands are clear.
Individual BFU-E-derived colonies from adult bone marrow are shown in Fig. 2 . The means and medians for ,8-synthesis were '-50%, and the histograms were consistent with a normal distribution by all tests. The statistics are shown in Table I . The ranges of (-synthesis were 19.7-78.3% in one study and 30.2-72.3% in the other. These are within the range of (-synthesis seen previously in adult marrows (12) . Further analysis of the patterns of (3-globin synthesis was performed with cumulative relative frequency distribution plots (Fig. 3) . In each ofthe two studies the data form a straight line, consistent with normal distributions.
To determine the pattern of (-synthesis resulting from a mixture of two clearly discrete populations, the experiment depicted in Fig. 4 was performed. Erythroid colonies were grown simultaneously from the marrow of a 153-d fetus and its mother. In addition, co-cultures were established with a mixture ofequal numbers of fetal and adult mononuclear cells (100,000 of each per milliliter). More than 40 colonies were included in each analysis.
The separate cultures result in patterns of fractional (3-synthesis that have two nonoverlapping distributions (Fig. 4 A) . The co-culture generated a (-synthesis pattern that was not quite as discrete but appeared to have a similar pattern (Fig. 4 B) . In both circumstances, the mean (-synthesis was 25% (Table II) . In experiments where fetal and adult marrow were cultured separately but the data were analyzed collectively, the Wilk-Shapiro and Kolmogorov-Smirnov tests were both consistent with a pattern that was not distributed normally, as was expected for two distinct populations. In the co-culture, the Wilk-Shapiro test also rejected the hypothesis that the data were normally distributed. There was instead a significant skew. The cumulative relative frequency distribution plots shown in Fig. 5 demonstrate the patterns seen when there are two populations (20) . The left sides of the plots show downward curves, with data lying above the straight line derived by linear regression analysis. The middle of the curve crosses the straight line and then returns to meet the line.
The patterns of (-synthesis by individual fetal BFU-E-derived colonies are shown in Figs. 6 and 7, and analyzed in fl-globin synthesis data in Fig. 4 . See Fig. 3 To demonstrate the pattern expected for a mixed population of fetal progenitors at midswitch, fetal and adult progenitors were examined in two ways. In the first, the mononuclear cells from a fetus and its mother were cultured separately, but the data were pooled for analysis. In the second, the mononuclear cells were co-cultured, and the results analyzed again. The two discrete populations (fetal and maternal) produced #-synthesis histograms with extreme positive skew and two modes. The two populations had expectedly different distribution widths: narrow for the fetal and wider for the adult colonies.
As emphasized above, the data derived from these assays of fetal marrow cannot be readily explained by a model characterized by continuous phenotypic change ofa single population. The data are more consistent with discontinuous clonal replacement or the discontinuous effect of an exogenous switching factor. A sheep model has been used by other investigators to examine the possible role of exogenous environmental influences in globin gene regulation (21) (22) (23) (24) . Hematopoietic progenitor cells from adult sheep transplanted into fetuses continued to produce adult hemoglobin (22) data, is that older fetuses develop a discrete population of adult progenitors that have a growth advantage in the adult host. The only reports of human fetal liver transplants (for leukemia in irradiated children) were with first-trimester fetal material (i.e., at preswitch) (25, 26) . The results are also consistent with a clonal rather than environmentally influenced model. The progenitors of early fetuses, in the preswitch period, gave rise to colonies oferythroblasts solely capable of >95% Hb F synthesis. In murine studies, fetal liver erythroid progenitors were found to be very sensitive to low levels oferythropoietin in vivo, whereas adult progenitors were less erythropoietin sensitive (27). Younger embryos had more progenitor cells with high erythropoietin sensitivity than did older embryos, which in turn had more than those found in adult mice. Similarly, in human studies, fetal erythroid progenitors were more sensitive to low levels oferythropoietin than were adult progenitors (2). These observations provide further support for a discrete model of the ontogenic switch.
In conclusion, we believe that the data presented here, together with data previously published by others as well as ourselves, are consistent with a discrete clonal or intermittent environmentally driven model for hemoglobin switching during ontogeny. Though we cannot resolve these options, our present data are entirely inconsistent with a gradual smoothly functioning (28, 29) , demonstration of their simultaneous presence in the fetus at midswitch and, if possible, sufficient amplification ofthese cells to examine their chromatin-DNA relationships.
